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AXTRACT 

The effect of cherical kinetics on rocket nozzle design was in- 

vestigated for the particul-ir case of hydrogen gas flowing adiatnti- 

cally through a typical roc ;et nozzle >i;jving a chaober-to-'throat-aroa 

ratio of 2 to 1.     For coi parniive purposes  the foliowinf;  types of 

flow were  considered:     (a) constant composition  (frozen e^uilibriuiij, 

(b) instantaneous  chemical e^uilitriur. (shifting e^uilibriam;,   %nd 

(c) kinetic cl.e.idcal e iuillbriuii.. A stepwi«e iteration process w^ 

errployed to nerfor:. the integration r)f t:.e differential ^-juation in 

case  (c).     In  each cas*» th.e gas entered the nozzle at a temperature 

of 350Ü JC  and  a pressure of 20 atm ar.d was allowed to  expand   Lsentropi- 

cally to an exJ.aust pressure of 1 atm.    The resalts for a T.ass flow 

rate of lüOO gm  ser       ^e presented in Figa.  2 through 6,     Ihe  instan- 

taneous equilibria,     flow aosui-ption not only gives a higher specific 

impulse^  but also  re .uires a larger nozzl" than either the Kinetic or 

the constar ■ oosition flow assumption.    The r.inetic  etiuilibriu-n 

flow results   ire intermediate between tlose  for instantaneous equili- 

brium flow and  those  for constant   composition flow,  the relative posi- 

tion depending on the magnitude of the  reaction rdt*» which  governs the 

kinetic e>juilibriun-.. 
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INTRODUCTION 

It has beffn stand trd practice in th^ fi»;ld of rocketry to compute 

the apecific ir.pulse  (i.e.,  the jet velocity divided by the accelera- 

tion of gravity)  of a prop^llant systerr. on ti.e baais of either of two 
m 

fundarr.i»ntal aPaunptions^  mrely, that the adiabitic flow of propellant 

gases froir. the cor.bustion chamber through  the  nozzle is such that either 

(a)  constant composition or  (b) instantaneous  cl.enical equilibrium is 

maintained.    For .an adiabatic process^,  assumption (aj^ which sayt- that 

the inherent reaction  rate is zero, i:iv°3 a r.inir.un. valu«  for the  speci- 

fic impulse,   <h-r"as assuiription (h), w. i.ch  says that the  iniiflrent reac- 

tion rate ^.s  infinite,  gives a ::aximun value   for the i;p<»cific  impulse. 

The  introduction of re.action rat^* eiu.itiot.s  into t,.e computation of 

specific impulse  ^o  complicates the  proble:;   that heretofore investiga- 

tors have,  perforce,  been generally satisfied  with  -x knowledge  of  the 

lir.iting values obtained or. the basis of the  aoove assumptions. 

Aside from the computational difficulties w; ic.   it "ntails,   the 

kinetic approach,  because  it re iuirej clos<»    dr "r'" ce to physical  reali- 

ty _,  t<»ndrj not only to  eftahlish thf» tru"  specific  ir.pilse for a propel- 

lant  system,  hut   tljo  to give no:.-,'  insight   into  !.he d-sign of th«*  nozzle 

for th.-.t  system.     In general,  specific  impulse vilue:- co  nut.ed   inder 

rissu. .ptions  (aj  and  (b;  are made witlout   regard to -r   zl'- configuration 

and with the added  sirplifying HSSU'ptior:  th.--t  !.he  chamber .:ases  ^nter 

the nozzle with  z^ro velocity,    ."ince t.nis iatter vsu-.ption has  nr      ysi 

c-il justification a-d  iü erroneous,   it  leads  to sr'.riouj v.V;^ 
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specific irr.puls«.     In order to obviate this condition it is necessary 

■-it the outset  to determine the chamber velocity at the entrance to the 

nozzle for the type of gas  flow under con: ^deration.    This r.ay be done 

only by consideration of no/.zle configuration. 

The nozzle generally accented by rocket designers is the converr.ent- 

divergwrt de Laval type,  vrhici is  formed fron two intersecting right cir- 

cular cones.    The half angle of the converf'?nt cone is usually jO    and 

that of the divergent co.^e,  1$  .    To prev-nt discontinuity of flow, the 

throat  section is rounded off with  a ridiua of curvature which is equal 

to the throat diameter Tr. .     Such a nozzle WAS conside-ed by Altrran ^nd 

(1    (2) Ferner. 7?e nozzle considered  in this study is shown in Fig.   1. 

It differs  from tie Mtnan -•■n ; Penner r.o^zle in two respects.    Fir-^t, 

according to current Jerig"  practice^  t)^ entrance area A    is twice the 

thrc.t ar^a A  .    This restriction permits one to establish.,  among other 

things,  the origin of a rectangular coordinate system at the entrance 

to the nozzl«».    Secondly,  the   convergent cone is replaced with a .sphere 

of ndius r  ,    The  sphere is tangent to tj e rounded  throat section at  a 

point where  the slope r.akes  an angle of 28    31'  with the  nozzle axis. 

The use of a spherical   section instead of a convergent cone ensures con- 

tinuity of flow froM the combustion chamber into the  nozzle entrance. 

The propellant system  in this  study is pure hydrogen having a cham- 

o 
l er ter.perature of 3500 K  nnd a chamber pressure of 20 at;:.,    ^.ts history 

prior to its arrival at t;.e entrance to the nozzle  is irrelevant.    From 

the basic nozzle design parameters  and mass flow rat*  considenatiuna, 

the following properties may be computed; 
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i.    Chamber velocity v c 

2. IJoz.:!« throat  irea A. 

3. Nozzle length L 

4. Jet velocity v    or equivalent specific impulse I 

In this study, the above properties are detenined n^t only for (a) 

constant composition flow ar:d (b)  instantaneous c'e-.ical e'iuixibrium 

flow,  but also for (c) kinetic che::.ical equilibriuw flow.    Case (cj 

makes use of the expression for the rate of rccor.bination of hydrogen 

atoms during the adiabatic expansion process of the propellant £as as 

it flows through the nozzle. 
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OENERAL THLlil ODYNAKiC fcQUATIüNS 

Several b^sic aquations way be derived fron a tKeniodynar.ic 

consideration of the propellant gas rixture.    For the asjiociatlon 

reaction 

2H - H2 , 

the equilibriur. constant K    is given by the expression 

Kp - N^r , (i) 

where N,,  and Nu are the role fractions of IL and H, respectively, 

and P is the total pressure in atmospheres. The role fractions 

satisfy the obvious relation 

V" -1 • (2) 

The rr.olecular weight of the gas mixture  its ("iven by th.e relationship 

M «Z N^. (i = 1, 2)  , (3) 

where N.   ^nd M.   ire the :role  fraction and the molecular weight,  respec- 

tively,  of  component i. 

The expansion of the propellant gab is assumed  to be isentropic. 

The specific entropy of tr.e gas mixture  is jiven by the expression 

s - -j-r iLüßl - Ri:^    In N.   - R In P)  , (.J 

where s is the entropy in calories per degree per gnur.,  K is the tolecu- 

lar weight of the gas u.isture, S.   is the entropy per role of conponent 

i at one  ,it;..o3p/iere and   it a i^iven temperature, N.   is the rüole  fracti on 
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of component ii R is the gas constant., and P is the given pressure 

in atmospheres. 

The specific enthalpy of the gas r ixture at any point in the ex- 

pansion process is given by the expression 

where h is the enthalpy in Calories p«r gra/Uj M is the molecular 

T weight of the gas ;;J.xture,  and N.,   AH.  #  ^nd   AH^g,. ,/     .   are the 

.vole fraction, the heat of fomation, 'ind t/.e  sensible heat content. 

respectively^ of coiponent i. 

By equating the change in kinetic energy of tr.e expanding gas to 

its change in enthalpy, the velocity at any point in the exponsiori is 

found to be 

v «   [v; ♦ 2J(hc - h)] 1/2 , (6J 

where v is the velocity in centimeters per second,  h is the specific 

enthalpy in calories per gram, J is the mechanical equivalent of heat, 

and the subscript c refers to ti.e chamber conditions. 

--pecific impulse and velocity are related by means of the simple 

expression 

I - v/g , *     (7) 

where I is the specific  impulse in seconds,  v is the velocity in 

centimeters per second,  and g is the acceleration of gravity.     This 

concept of specific  iripulse assumes complete  or perfect expansion of 

the propellant gas. 
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MAS3 FLLW EQUATIONS 

A fundair.ental relationship between nozzle configuration and pro- 

pellant (.'as AISB flow nay be derived frorr. tne following considerations. 

The time rate of mass flov ^ in grans p^r second nay be defined by the 

expression 

\i  - pAv, (8) 

where p is the densit. of the ^as in ^mxs  per cubic centimeter, A is 

tne cross-nectional area of the nozzle in squire centimeters^ and v i.s 

Me velocity in c-nt^meters per second. The ideil ^as equation may be 

written in the form 

TT HT , (9) 

where P i:^ the absolute pressure in .itr,ospheres, p is the density of 

the gas in grams per cubic centimeter, M ia the molecular weight of 

the gas, R is the gas constant, and T is the absolute temperature in 

decrees ?>lvin.  ü<|uatJ.or.3 (Hj and (9) may be combined to give the -x- 

pression 

"HTr ' (10) 

for th-  arei associated with a ^iven --.ass  flow rnt**  at any point  in 

the nozzle.     The  correspond in.' cross-sectional radius   is ^.v^n by the 

expression 

MAT I/?- 

Fro;n the equation 

v
2        2 X     4   y 

(ID 

(12) 
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which defines the spherical section of the nozzle depleted in Fi^, 1, 

nnd t};« fact that y * r,  the following expression is obtained for the 

distance downstre^r. fror the nozzle  entrance through the spherical 

section 
?   0 1/2 

x - (r; - r")   . (13) 

An •xprecijon for the distance downatrear. through the rounded 

throat section r&ay be derived fro^. the e juation which defines trie  shape 

of the throat.    In ten r, of an x, y coordinate syete"  having its origin 

at  the center of the  nozzle entrance^  the equation of such   a defining 

circle  is  sir'-ly 

(x -  xt)
2  ♦   (y -yt)

2  =  2r2
c  , (l.J 

where x and y are the coordinates of the center of the circle whose 

r tdius is 2r. or 2  r . Reference to Fig, 1 shows that 
X/ c 

yt - 3rc/2l/2 (15) 

and that 

s. - *i • r^1/2 • ci6) 

where  x.   ir.  the abscissa of the point at  station 1 where the circles 

defined by E^s.   (12j   and  (1^;  are tangent.     Üy conbininj Kqs,   (1^;   .nd 

(15/   and  r<"L-.embering that y - r,  the following expression for the dis- 

tance downstrearr through  the throat section  iü obtained: 

x . ,t 7 [irl . (r . J^/^JS ] 1/2 . irn 

In fcij.   (17)  tie rinus  si.'r.  is  valid  in t..e  convergent ::»ction of  the 

r.ozzl^ and  the positive  sirn in the divergent, 

I:ispection of Fig.   1 shows that the expression  for the distance 

downstr-ai   fr >    station 2 ij given by the relation 
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x =  (r - r2) cot g , (IB) 

wh«re r^ is th" radius of trr tliroat at station 2 where t!ie ^iv<"rg«nt 

cone of half .ingle Ö is tanf;ent to the circle which def .n^s the shape 

of the tLroat. 

Further inspection of Fig.  1  indicates the  following; particular 

relations.    The  angle ay  associated with, the point of tangency at 

station 1,   is /,iv''r'  by e^juation 

,1/2. 
cos a  -       n'-    J~    - 0.07i'6tf  , (19) 

2(1 ♦ Z1'") 

so  trint  a  «• 2 i. $16  , 

Thus  at station 1 

r,  • r cos a = Ü.S7^63 r (20) 
1        c c 

and 

x,   = r bin a  » L.tfT^X rc  . (21) 

At   the throat 

and 

x 

At station 2 

rt - rc/2
1//2 - 0.70711 rc (22) 

,.  - x.   ♦ 21//::r    oin a - 1.1526 r    . (."3) 
tic c 

2 

and 

r2 = (3-2 cos 13°) rt - 0.73529 rc (24) 

« x,.  ♦ 2 '*"   sin 15    r    n 1.5136 r x0 - x.   ♦ 2^- sin 15    r, - 1.5136 r    . (23) <.        1» c c 
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KINbTIC EQUATIONS 

The recorr.bimtijn of hydrogen  -it^ms to Torr, hydrogen molecules 

rray b*» re:5r',p»nt'"d \y the triple-body collis^or.  re-jCtion equation 

z ♦ 2H ~* H. ♦ :: , (26) 
kb ' 

wher» kf    nd KV   .ir*  t' * forward ••nd backward re;tct ion rate constants, 

rT.p'-ctivly,   ^nd 'Ö is an;,   third body*.     If  [l-J   derotes  the  concentra- 

tion of H in    ole;-   p<T cubic  üer,tiri.et'*r>  then the  tin'' rate of  change 

of      hi    for a  process  in wr ; :;   t! e volui.." V   Lr>  c;.^n; ir^; is  ^iv^n  by 

t: • expre- : ion 

The  validity of the  third ten   on the  right-lrmd  side of Eq.   (:"J w.y 

he -v.s.ly vi»r.fied by H  consideration  of U e  identity [li]  - t\,/V, 

wr.ere n    is the nu.".b*r of i oles of 1! in the volu:.ie V of expanding £as. 

in t .is  study it   is rore convenient  to d^al   vith  th*  conceot of 

role  fraction N    tr an w! th  t.i.nt  jf nolar concentration fH.I   .     Hy rak- 
H 

ing  -je   if tne  id-ntities 

[l!j   - N^jP/RT (^; 

•.nd 

L ,.   (2?) r.ay h- written  in the  forr: 

dN 

" "TT 
H       .'[k^dVHTj-1 - k^Ov'HTiJ 

NH 4r In iwAn. . (jo. 

'•Co.'-pare this treat.-.r: t   w'.f.   that of penn^r  . 
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For a rrasr-  cf n ^ranc  of ^ar the  ldc.il gus  law "iay be writt*n in 

thie  Torn. 

;o that 

PV = rKT/K , 

ir l" ^^ - JT 
ln ^M ^ - -r ^r • 

(31) 

(32) 

Hence, Lq.   ( jC )  ^ <»comes 

H 2[kfNj(P/liT)2 - kbNH  (P/KT)] - 
NH      dM 

(33) 

By using fci'i?.   (2)  and   (j) an-  tf.e vdue 1.000 for the  at^a.ic 

weight of hydronjen,  the expr^ssio^  for t!.* -.olecular weight of th»* g.as 

• ixlure becori»3 

M = 1.008 {? - NHJ 

L.iUitlon  ('3) thus re(i',;c#»s to the   following: 

(IN, 

(i.J 

1 
"ir ! - (2 - NHJ [kj.N^P/UT)2 - k^  (P/lilT]   . (35) 

L)inc^  tt.e equilibriurr  const.a  t K    defined by L J.   (1)   'ir,:  tb<»  •-tte 

constants   in - ;.   ^.'6)   'ire relit^d by t:." exnr-'srion 

KpiiT  = kf//kb  , 

h'),   ( <3j fa-,   be written ir tbe  form 

{i''i 

IN,,      kf(^ - NH) 

TIT (PTV 
(NHr - V r/V • (3/; 

.vin:illv,  s'nee tl.e velocity v nt  inv  dist.nrce /. downstr«"'-.". is 

given  by the relation 

v = dVdt   , (3-!) 

the  rit- of- change of hL with  distance  ir given  by tie pxprersion 

dN. 

dx 
'f ^ - V   ,„2^ 
.^HT)'- 

(y -^ P/K   )   . (39) 
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HA3IC DATA 

Th^ pertinent th'Todyna.r.ic data u^'d  in thia study were taken 

fror, the National   bureau of lJtlndards^**'',    T:,ey include the total 

entialpy abov*» the referer:ce temperature 29^.16 K  and  the absolute 

entropy for the  cl er.ical species H  and H^ ami  the logaritluna of the 

e^^uiiibriu.:! constants for trie reaction 2Ii  ■ H_ at te. oentares  from 

16000K to 3>000K.    The heats of formation for H and H2 at 29Ö.160K 

are  ^2,089 and 0 cal nol" ,  respectively. 

The pertinent  physical constants have tie  foilowirv;, values: 

the  acceleration of gravity g ■ 980.665 cr. sec     j  the gas  constant 

R » 82.0567 cm    atni de^;"" 'vol"  ;  the i;:echanical e^uival-nt of heat 

J  = 4.18^0  abs   joules  cal~   . 

The  forward reaction rate constant k. in Kcj,   (26)   is  assuraed 

to have the vilue 10      err.    rol"'' sec"    over the entire range of ter:.- 

peratures   uid pressures covered by  this  investigation.    This assump- 

tion  is -.ode  (a)  because the chemical literature  is  singularly lacking 

in kin^t.c data  for the hydrogen recoi blmtion reaction* and   (b)  be- 

cauy the Mri.aary  purpose of this  study  is to show how a rate equation 

n.ay be dealt witr.  in a propellant  gas expansion probier. 

In  this connection,  see It^fs^ ard  6. 
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COfPUTATIüNAL RlOCbÜlJRE 

In general,  the  composition of the  -/rinding gas my be deterrined 

at  any te: perature  nnd  pressrjure by the siiMiit'ineous solution of L\3.   (Ij 

snd   (2).     The «ritropy of the  system,  the expansion of which  is üssuined 

to  be  isentropic,  may be deten.ined  fror  tie   initial Cu.viber conditions 

by rii'ans of E^.   (.*).     Once the value of the  entropy has b'-en establish-d, 

Bq.   (.*) "ay be used to deterrine the pressure  'it any temperature  and con- 

position.    The  velocit."  of ti.e expanding  gaü  at any point r.ay be  computed 

by n.eanLj of t\.   (6).    The  chamber velocity ma"   be deterr.ined  fror  the 

following Cünsid^rations. 

If,   for a  given    as:   flow rat- ^#  a  plot of area A versus  tempera- 

ture T  is n.ade   fur various te  peratures   between T     und T   .   a  smooth  curve 
c e* 

hiViiig ,i well-defined miniir.ur  is obtained.    Tt.is  po^nt ^f rtiinima''   urea 

corrcsponu:! to   the thront of the  nozzle.     The  chamber velocity may,  tr.^re- 

for",  br  coi; nuten  fror. E ,.   {10)  when the  uesign condition 

Ac  >  2  At (.Oi 

is  satisfied. 

oince  k^   car-ot   be   co-puted  -x-licitlv.   •»   tentative  v il ^e   for A 
t ' ' c 

.list be 33  u"i*»d  on th"  bisis  ■:'' sx'* r;on^er<j  cr.u.ber velocity,    ihen 

values of A ma"  be  cor.outed  for various  values  of T.     rror. a  olot  of trpse 

aata a t;.roat,  .irrH corresponding to  the  asjuu^-d r   i.-ber   ir^a r:«iy  h*« deter- 

f-in^d.     If tni.'   procesr   is repeated  for  several val :-s  of A     and  if a  plot 

of  A /A.   v-rsas  A    is made,  then,   bv   Interixjlation.   values of A    and  Ax c    t c » *    . i , c t 

ray  be obtained which  satisfy  r,;.   (^Ch.     This   .JP c-dur"  for aetermining 

A   ,   A.,  a: a v     Is perfectly g-nerul  ar.a   is   Lndepender.t of t-.e   type of 



flow  considered. 

The  lengt:   of the nozzl* rray he coranuted  from a knowledge of end 

conditions only by rrean.- of iv-iS.   {!}),   (17),  <'ir.d   {1-21   for constant coni- 

position  flow nnd for instantaneous c, e: ical e^uilibr-'a.   flow.    The 

kinetic case,   however,,   requ^r^s a  ot&p'.-i.se   ■■roced .re wt,ich  involves the 

integration of r, ^   (39J  '^ well   ir,  ih e use of c^s.   (13),   (17 J,   -md   (13;. 

For this  purpore  it is   :or.venient to  LISC *.r  perature  ^s a  n-ir-'u-eter 'ind 

to perfon.: t/.e   integration over tei.peratur"  Intervals wt ich, -ire  i3r.ail 

enough to ensure   i de^r»» of accuracy  c  r<3i.r-ter'.t v»it';.  the d .ita us*d. 

The  two  rej-:   r-.s where    "irt:. cular cire fust he e/.ercice'i «re  (a;  at  the 

verv  e-,trince  to the nozzle,   ^here  l:.f temperature gradient is a r/txi- 

■ui ,   ir.d  (b,'   it,   the tro.it,  w* <»re  t.-"  pirn  '"tern rust h* deter ined  ; r<»- 

r.s»ly   in ord^r to Sit'sfy the d^si^n c»nditions, 

Ihe   i-itegritior.  :.f J,.   (39)  "a;,   '"  'iCCürrpLished, by 'writir.t:,  -t in 

the  form 

V 
dNH/dT - (^l; 

wl.ere L de.-.otes  the len^ t.h of the  nozzle,  and   :•;,   r^u: J^ctinf  it  to an 

iterative  process wl ivY   •   k-r:    ne  or the rrethodo  nnd '■^uatiur.s   ^^ the 

nur.erical  c ilc.lu,   for e^ual   intervalr  of the argument T.     A lirt uf 

(71 
such  e^uatiori::   .G given ty M.lnex     .     Tor t'•  present  t e   followiTg 

four-f>o:nt   int^ratior   for \. :   -.'•■ s-'t' sf ictory: 

N, - fJ    ♦  (3b/8)(N'   *  3N,1   ♦  3N'   ♦ N'l   . (^2) 

In ty.is equation h   ,s  tie ter^p^r .tu'"^   int*rv  I  ,.n ; ti.e pr'  >• d quanti- 

ties  are the  first derivatives wit(   respect to temperatir*» of the  func- 

tion K   il   fo .r  cons»»cutivM terperatur^s. 
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In order Ic  c.rry out  the  .rit «^ration  process  effect.vely^   it is 

expedient  to construct tableü of df.' /oL and L vnlues for a  judicious 

spread of II,  viluea  at the various ter p^rit'-rer  con.s;der''ii.     otartin^ 

values of N'    may be obtained bv reference  to thosr  c-.lculated  for the 

inyt'intaneo'ia e iuilibriuii caae. 

Once a set of values of N    is obtained  for the terr.perature range 
H 

frorr. 7 to .):.-<" arbitrary T ,  correspondlr./- values of dN../d L 'inU jf L 

viuusly constrjctcd tables by interpolation. ray be obtained fro::, the ; 

V.-ilues of dL/dT r.-iy be derived fro,: a plot of L versus T or by rrans of 

an in; ropriite differentiation forr.ula as given in Ftef. 7.  _i juation (^2 

ray then be used to correct the original rou/'h values of N„ as often as 

necessarj' to achieve convergence. 
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RKÖüLT:   AND DinCUGGION 

The • ole friction composition of thie gas ^nterin^ the nozzle at 

n  temperature of 3500OK   in     i pressure of 20 atr is Ü.1235 H and 

0.8765 H , and its specific entropy is 22.918 cal deg      gm    .    With 

these data as initi.il conditions,  a mass  flow rate of 1000 grc  jec    , 

the nozzle configuration of Fig.  !_,  and  a 2-to-l  chiar.ber-to-throit- 

'■^rea rrtio,  the adlahatic  flow of hydrogen to an exhaust pressure of 

1  atr. was studied,  assur.ing fir^t,   const.'int  cor.position flow,  then  in- 

star-.taneous  chemical  equilibrium flow,  und finally,  kinetic  chemical 

equilibria"! flow.     Ihe results are preser.ted graphic.dly  in Fi^8.2 

throu/.h 6. 

Insoection  sh.owa  tb.at 'J.e shape  of  the kinetic flow nozzle  is 

id-nticnl with  that of the  instantaneous  flow nozzle.    This   is due to 

the fact that,  since t;.e magnitude (10    ) of the forward rate constant k- 

is  for all practical purpo^^s  infinite^  11.e chamber paraneters  are nujf.Ti« 

cally equal  (as f tr is significant  figure? are concerned]   for tie kinetic 

and t-.e instantaneous equilihriun flow cases.     ..ince the ci.an.ber para- 

[..eters determine the geometry of the nozzle,   it  follows t:. it   '.he shape 

of  the  nozzles must  he   ider.tic.il. 

As was t> he expected t: e kinetic  results are   for the , .ost part in- 

termediate  netween the constant composition  ir d t.-e instantaneous equili- 

brium, flow results.    This  fact was  invaluable  m  fstir.ating  atnrting 

val\ies  for the iteration  -rocess used to  integrate bq.   (39;.     A tempera- 

ture  ir.tervil  of  50 K  was enployed throughout  tr.e  integration process.     A 

snalier  interval might hf:ve ,-iven  smoother results,  but  the  increased 
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labor would Kave been greater tnan the HCcur^cy of either the  initial 

data or the final reb .Its would warrant. 

Figure 6 depicts the nozzlf  configuration for the three types of 

flow investigated.    It  is Interesting to note  (a)  that inatantaneous 

equilibrium Ho** requires a  longer  (and larger)  nozzle t^.an doeü con- 

st irit  composition flow  mrt  (b) that for kinetic equilibriuin flow the 

nozzl" is slightly shorther than for instantaneous  equilibrium flow. 

It may also  be noted that  nozzle design aff^ct::  spreifie  impulse 

in the  following manner.    The  nprcificat; on of a 2-to-l c)i;): .ber-to- 

throat-area ratio results  in a charier sprcific impulse of 141.^ sec 

for t;.e constant composition  flow nozzle  and I36.O s»c for both the in- 

stsr.taneous   -nd the kinetic  eiiuilibriur  flow nozzles.     It  is obvious 

from cq,   (10)  that a zero chamber velocity would require an  infinite 

chamber ar^a^  a  factor which  is noi fea ;ible in practice,    rurtherffiore, 

a  zero ch tmber velocity   vould yield^  at an '•/.haust  or'-ssure of 1  atm,  a 

specific impulse of 82},2    sec instead of 335..* for constant conpo- 

sition flow and   ^7}.S sec  'nsti-ad of SB^.j for instantaneous equilibrium 

flow.     It  is tiius evident that nozzle configuration,   siycifiCilly chamber- 

to-throat-area ratio,  has  a definite effect on the t.^agnitude of specific 

in,pulse  or  Jet  velocity. 

In the present exar.pl"  the effect  of chemical kinetics,   i.e.,  the 

rate of recorbin'ition of hydrogen atoms,  on specific  inoulse  is not very 

pronoj.-.ced,  as t*.e figures  38^.   3 'ind  "7^.6 'it  an exi.au:.t pressure of 1 

atm for instantaneous and kinetic equilibriu:'   flow,  respectively,  indi- 

cate.     Tt is  is due,  of course,  to  the '.agnit.ude of the  forward  reaction 

rate constant kf 
;in.i to the  nature of tie chemical   species.     In other 
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expanding prop^llant gaü«3  in w.ich t\.r rate constanta  =.saoci,ited 

.It:   tip  pprtin»nL clierrical  reictioi.i:  arp nu :.»»rically sr^ill^r than 

tfi« hydrogen rate constant   ind t;e  ehemicil speci-s tr.eniselves are 

IPüR active than hydrogen,  tf;e ;en»r'il effect  ^o.ld be to displace 

the kinetic res .Its towml the constant cor,po;ution flow values. 

In  such cases,  even  if several differential equations similar to 

- i.   {^i}   ire  involved,   the method of integration iniicatcd in this 

p-io^r we .lei Ve  valid,  but tue crputation would best be  performed on 

automatic equipment. 
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CÜNCLUSIOW 

It.e  followin.-  conclusion? r.-'iy h*» dri^n  frü;:. th»  for-goin^ 3tudy, 

1.    The effect   )f c^^ic^il kir.^ticp on roc-.et  prcp^llant gas-s 

"xp.indlnt;  throuf-ii n  uov.zl» h'.s  u<"T. deterr.in^ci iy tie  iilrr.jltaneous 

solatiun of thr'"» sets of f juations bas*»:  on tr.er; odyn!i: .lc,   nozzlr cun- 

fi^urntion,  -.mi  ciiemicil  r^'iCt: )n rite c^r'.s^d'r'it.^onP. 

Th« fund'i.Tient.'tl design  ciicuiational   f^iirerr.^nt,   %:'ide  fron 

the rria.jv.   flow rate,   is ti-<" spec: ^icntion of a  finit-  c a 1 »r-to-thro-.t- 

ar^fi  ritio. 

j. Mo7?les deai^n^d on t.'.r ty,sia o0 cf.er.icil kirrt: es for perfect 

expansion -ire borlewtl.-1t ^r^iller t an inrt-intaneoua ^quilibriur. flov^ noz- 

zles but are larger ünn cons1.ant corrpoaition flow nozzles, trp dlffT- 

-•cr ii-oendin.'  on the n.Hgnitude of tr.e reaction rat»*::   Involved. 

I\.     i'v.e -ethod of step-./it>e  integration d- crib»d ray b*«  applieu to 

propellent  ;iyst<»r5 whici,  invilv»  several differ*»! t inl  e ;-;-.ti--.'i  wit),  of 

course,   i   correspondl.n('  Lnc-ea e   in  Cut-.putational l^.bor. 
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